BACKGROUND: Surgical outcomes are determined by complex interactions among a variety of factors including patient characteristics, diagnosis, and type of procedure.
may have differential relative impact on a specific complication. Sorting out the determinants of surgical outcomes is important, because the identification of adjustable risk factors underlies attempts to improve outcomes.
Numerous studies have explored the association between outcomes and risk factors for surgical procedures. One recent study determined the most important predictors of complications that need to be included in models for adequate risk adjustment. This study used a large database of patients who underwent 5 core general surgery operations. 1 Another recent study evaluated risk factors associated with readmission after colorectal surgeries among a nationwide cohort of patients. 2 The relative importance of the experience of the operating surgeon on operative mortality in patients who underwent cardiovascular procedures or cancer resections was observed in 1 earlier study. 3 This work demonstrated that the outcome of a surgical procedure may depend as much on patient characteristics and preoperative factors as on intraoperative details and the surgeon's skill. Another study evaluated the impact of surgeon caseload among other factors as an independent predictor of mortality, readmission, and length of stay after restorative proctocolectomy. 4 In that study, surgeon volume was inversely related to complications.
These studies, and many others like them, focus on 1 or 2 risk factors but do not examine the complex interrelationships between multiple risk factors. In fact, little is known about the relative contribution of various risk factors on different outcomes of interest to colorectal surgeons. To address these deficiencies, we undertook a comprehensive evaluation of the potential risk factors associated with the most serious complications of major colorectal surgical procedures by using data from an institution-based outcomes registry. We hypothesized that a data-driven approach to the analysis of common serious complications in patients who undergo colorectal surgery would allow us to estimate the magnitude of the influence of risk factors on any particular complication.
PATIENTS AND DATABASES
With the use of information from a prospectively collected outcomes database, we examined the records of 3552 patients who underwent major abdominal or transanal colorectal surgery in 2010 and 2011, performed by 15 surgeons in the Department of Colorectal Surgery at the Cleveland Clinic. We included all surgical cases performed by the study surgeons if inpatient admission was required. Outpatient surgical cases were not included in the analysis. The departmental clinical database was created to collect risk-adjusted outcomes for all colorectal procedures, to provide feedback to surgeons, and to give surgeons a better understanding of their performance. The complication data are collected by a dedicated research assistant and monitored by surgeons at the department. The data collection process was optimized with a number of automatic feeds from electronic medical records, and data integrity was ensured by auditing and computerized quality control. The goals of the registry and data collection process are closely modeled after the American College of Surgeons National Surgical Quality Improvement Program (NSQIP) database in terms of standard definitions and adherence to 30-day follow-up period for outcomes collection. In addition, we also included colorectal-specific outcome variables. The research assistant conducted a 30-day follow-up via a letter or phone call, and periodic death searches in public records are obtained to complete follow-up data. In addition, representative study surgeons participate in regular audits to test data quality.
More than 200 patient and operative variables are recorded in the registry, including patient demographics, preoperative risk factors, laboratory values, intraoperative details, and postoperative complications. The characteristics of the patients for which we adjusted the analyses included age (a continuous variable), BMI (a continuous variable), and comorbidity (yes or no). We adjusted the analyses for the type of surgical procedure and operative time (continuous variable). To perform meaningful modeling, surgical procedures were grouped into 10 major categories (Table 1) that were likely to represent procedures of similar complexity and similar technical skills required by a surgeon. Laparoscopic approach was presented as another variable. For all procedures, we identified the operating surgeon. To characterize surgeon volume, we determined the number of procedures in each major category that a surgeon performed in 2 years. As opposed to previous studies that analyzed volume as the average number of any procedures performed by a surgeon, we used a refined definition of volume that we believe would better reflect the level of technical skills achieved by a colorectal surgeon. We used the colorectal surgical procedure as the unit of analysis, with volume measured at the level of the surgeon and the specific procedure. The database includes laboratory values and also many patient characteristics that are limited to a small minority. For example, cirrhosis is a variable we record, but because of the low numbers of patients with this condition, it was excluded from the analysis. In the end, we chose to include variables that are known to affect outcome (ASA, BMI, diagnosis, etc) and the variables that pertained to the majority of our patients.
We focused on the most meaningful complications of colorectal procedures including readmission, reoperation, sepsis, anastomotic leak, small-bowel obstruction, surgical site infection (SSI), abscess, need for transfusion, and venous thromboembolism. Into the analysis of anastomotic leaks we excluded surgeries in which an anastomosis was not created. Our definition of SSI is based on the NSQIP definition but is less inclusive. For example, 
Percentage from the number of cases with anastomoses (n = 2105).
TABLE 1. Continued
Characteristics in regard to superficial SSI, we do not include all wounds that have redness or localized swelling and are opened by the surgeon unless there is also purulence or other gross signs of infection. In this study, the term surgical site infection (SSI) applied to infection of the superficial or deep tissues of the surgical incision. Abscess was defined as an infected abdominal or pelvic fluid collection not involving incision. Postoperative mortality was not analyzed because of the small number of cases. Patient characteristics, preoperative clinical data, and intraoperative details are presented in Table 1 .
Statistical Methods
We developed a family of random forest models: sophisticated prognostic models that capture complex relationships among many risk factors to predict outcomes of patients. 5 Several characteristics of random forest have made it an excellent classifier. Random forest is a nonlinear model that makes no assumption about data distribution. Random forest methodology is based on a nonparametric model that can simultaneously analyze and explore interactions between many competing and interrelated variables. Random forest predictions are based on an ensemble of classification trees; each tree is constructed from a bootstrap sample (random subset of data) with replacement and uses randomly selected covariates at each split. The random forest algorithm can handle a mix of categorical and continuous predictors. To evaluate the impurity function and decide how to split a tree node based on a numeric variable, the algorithm evaluates each randomly selected numeric variable in sorted order. For categorical unordered variables, random forest algorithm evaluates a split at each category. The use of bootstrap samples and restricted subsets of attributes makes it more powerful than simple ensembles of trees and leads to virtually unbiased estimation of prediction error. It was shown to build models with high accuracy when tested on high-dimensional datasets.
The main advantage of a random forest classifier is its explanatory power: it uses a variable importance, one of the advanced properties of this model, to measure impact of each factor on a predicted class label. In our analyses, we used a variable importance measure to assess the relative impact of each risk factor on the observed association with an outcome by first excluding and then including a variable. The variable importance value measures how much misclassification increases or decreases if a given variable is not available. In other words, random forest explains how well the variable discriminates between a "bad" and a "good" outcome after adjusting for all other variables included in a model.
Separate random forest models were built for each complication to identify and rank important risk factors that maximize prediction. A mix of categorical (eg, surgical procedure, indication for surgery) and continuous variables (eg, BMI, age at surgery, estimated blood loss) were analyzed at each split of a tree. Each of the classification trees in a model was constructed from about two thirds of the data; the remaining one third of the data is used to estimate error rates and produce variable importance values. Each model, comprising of a forest of 3000 classification trees, yielded a rank ordering of all variables, which reflects how strongly each risk factor is associated with an outcome variable. To assess the relative contribution of a risk factor on each type of complication, we then combined variable importance values from all models and presented in a single graph.
To better understand the predictive value of the most informative variables selected by the random forest models, a series of traditional logistic regression models, one for each complication, was generated. A p value of less than 5% was considered to indicate statistical significance, and all tests were 2 sided.
Computation was performed by the use of random forest implementation in the R statistical software package version 2.10.0. 5, 6 Optimal parameters for the algorithm (number of cases in a bootstrap sample, number of variables considered for the split, and number of trees) were selected according to a general principle of random forest methodology.
RESULTS
Our primary analyses focused on the relationships between risk factors and each type of complication defined as a complication before hospital discharge or within 30 days of the index surgery. We used classification models to examine these relationships with adjustment for patient characteristics and intraoperative details. We used the colorectal surgical procedure, defined as an abdominal or anal/perineal procedure, that required anesthesia and inhospital stay, as the unit of analysis.
A family of classification models revealed the strength of associations between various risk factors and complications. Figure 1 shows risk factors that are sorted in descending order of importance in generating each of a series of postoperative complications. Factors sort themselves into 2 groups: a highly important group (length of surgery, BMI, identity of the surgeon, patient age, type of procedure, and estimated blood loss) and a group of low importance (sex, comorbidity, laparoscopy, and Table 2 demonstrates the relative impact of all predictors on each of a series of postoperative complications. To simplify the presentation of our results, we show here the analyses for the top 7 risk factors for which we have found a strong association with outcomes; we ranked the impact of risk factors on each type of complication. Our analyses suggest that BMI is the top predictor for SSI, venous thromboembolism, and small-bowel obstruction, whereas length of surgery dominates readmission, transfusion, abscess, reoperation, sepsis, and anastomotic leak. Identity of the surgeon and patient age are the next 2 important predictors of all complications followed by procedure type, estimated blood loss, and diagnosis.
To better explain the results of the analyses, we present univariate analyses and a series of traditional logistic regression models with adjustment for the most informative predictors selected by the random forest. To simplify the presentation, we included here only the top 4 predictors selected by the random forest. In univariate and multivariate analyses, predictors were analyzed in relation to each complication. Overall, operative time is associated with increased complication rates in colorectal surgical procedures. The first predictor listed in Table  3 shows differences in operative times for patients who did not have a specific complication in comparison with patients who had a complication. Operative time for patients who were not readmitted was significantly shorter than for patients who required readmission (131.1 minutes vs 144.6 minutes, p = 0.0083) and operative time for cases without blood transfusion was 126.8 minutes vs 188.4 minutes for cases with transfusion (p < 00001). The strength of association between length of surgery and the outcome varied according to the type of complication in terms of both the absolute complication rates (Table 3 ) and the adjusted odds ratio ( Table  4 ). The adjusted odds ratio for cases lasting more than 200 minutes as compared with cases with shorter operative time ranged from 1.12 for small-bowel obstruction to 2.79 for transfusion. The observed effect of the length of surgery may be explained by the experience of the operating surgeon. In fact, with adjustment for surgeon volume, operative time has been found to be an independent predictor for a number of complications including readmission, transfusion, SSI, abscess, reoperation, and anastomotic leak.
When the surgeon volume was assessed as a continuous variable, defined as the total number of each type of procedure that a surgeon performed during the 2 years, it was inversely related to all complications. In multiple logistic regression analyses, we categorized surgeon volume as a binary variable: 20 or more procedures vs fewer than 20. The adjusted odds ratio for cases performed by a low-volume surgeon vs those performed by a high-volume surgeon varied widely according to the complication type, from 1.02 for sepsis to 2.17 for anastomotic leak. Irrespective of other factors, surgeon volume was a significant predictor for 4 complications (SSI, abscess, reoperation, and anastomotic leak).
Increased BMI was independently associated with SSI, portal and deep vein thrombosis; higher BMI was related to decreased small-bowel obstruction. Patient age (>75 years) was independently and directly linked to transfusion and reoperation. Surgeon volume was measured at the level of surgeon and each procedure, 10 surgical procedure groups listed in Table 1 .
DISCUSSION
A systematic approach to the collection of outcomes data can reveal the most important variables that impact risk prediction and explain variations in risk-adjusted outcomes. The NSQIP and the American College of Surgeons Case Log System have shown that this approach has practical value for quality improvement. The NSQIP database provides surgeons with a uniform format for collecting outcomes data and uses sophisticated statistical techniques for risk adjustment. 7, 8 Although the NSQIP records a spectrum of clinical details, it does not include some colorectal-specific outcomes and colorectal-specific variables that can be used for optimal risk adjustment, such as the number of anastomoses created, anastomotic leak, and small-bowel obstruction. In addition, the NSQIP dataset is limited to a select group of surgical procedures. Our dataset includes all surgical procedures performed by our colorectal surgeons. A study by Cohen et al 9 identified the most important predictors of outcomes for colorectal operations based on the NSQIP data. A colorectal-specific risk calculator, a 15-variable predictor model, was constructed for mortality, overall morbidity, and serious mortality. Application of the variable selection process in stepwise regression models ranked variables according to the selection order. However, an outcome was defined as a group of complications, and a relationship between risk factors and a particular complication was not identified. More recently, the relative importance of variables to predict morbidity and mortality for 5 core general surgery operations in the procedure-specific NSQIP was analyzed. 1 In this work, stepwise logistic regression models were used to identify the most important variables that predict outcomes. The focus of this work was mortality and morbidity, defined as the presence of at least 1 complication. The study showed that a small set of variables can be used to predict patient risk without compromising risk adjustment. Once again, relative importance of each variable was not linked to a specific complication in this study.
Numerous studies have investigated the association between potential risk factors and outcomes in colorectal surgical procedures. However, relatively few of these studies have simultaneously analyzed a series of major complications in relation to a broad range of potential confounding factors and characterized the relative influence of these factors on specific outcomes. To address this issue, we undertook a comprehensive evaluation of the operative risk factors associated with colorectal surgical procedures. We had 2 primary aims: to assess the association between risk factors and various complications and to achieve a better understanding of the extent to which risk factors influence specific outcomes.
For all complications we studied, complication rates increased with prolonged operative time. The association of operative time with SSI across a broad range of procedures has been reported in several studies. [10] [11] [12] Operative time was also reported as a risk factor for anastomotic leak following colorectal surgery. [13] [14] [15] Determinates of operative time are multifactorial and may include complexity of the case or previous abdominal operations. Specifically, more complex cases would require longer operative time and may also result in poorer outcomes. Our definition of a complex case is not limited to, but can relate to, the type of procedure, patient BMI, or diagnosis. Our models were adjusted for all of these factors. Still, operative time remained one of the major predictors for all complications. Another explanation for the observed relation between the operative time and the outcome may be that surgeons who are more experienced with a specific procedure tend to achieve better technical skills and perform operations faster. As suggested by our analyses, factors related to both operative time and surgeon volume seem to be important for all complications. Our findings, however, indicate that the relative importance of surgeon and operative time varies according to the complication. In the case of SSI, abscess, venous thrombosis, and anastomotic leak, surgeon volume is a significant and independent risk factor irrespective of the operative time. The importance of experience of the surgeon has been recognized in several studies. 3 Obesity is known to lead to higher complication rates across a wide variety of surgical procedures. It is not surprising that, in our study, increasing BMI was associated with increased postoperative complication rates, with 1 exception: patients with lower BMI were more likely to have small-bowel obstruction. Previous studies have reported similar findings and have indicated that this finding may be related to an impaired wound-healing process in patients who are obese. 16, 17 This present study is limited by the inability to adjust for patient differences such as previous abdominal surgeries, level of complexity of a surgical procedure, or variations in specific processes of care that might have influenced the results. Our study was conducted at a single high-volume referral center for colorectal surgery. Our result may not apply to colorectal surgery performed in other settings. A better understanding of the described associations between outcomes and risk factors using a larger series of data from various institutions will be required. 
